ABSTRACT: Treatment with GnRH and PGF 2a is a practical method for controlling ovarian follicular and luteal functions and increasing the precision of estrus synchronization in cyclic and acyclic postpartum cows and heifers. This method reduces considerably the period of time needed for estrus detection; it synchronizes the estrous cycle of 70 to 80% of the cyclic cows to within a 4-d interval without any detrimental effect on the fertility rate (65 to 85%). Moreover, resumption of ovarian activity and normal fertility in acyclic cows is favored. Administration of GnRH eliminates the large follicles by ovulation or atresia and induces emergence of a new follicular wave within 3 to 4 d after treatment at any stage of the estrous cycle, but it limits further growth of these emerging follicles by increasing atresia. The precision of estrus and the unaltered fertility rate is due to the synchronized selection of a new large growing follicle, which becomes the ovulatory follicle after PGF 2a -induced luteolysis 6 d after GnRH treatment. Also, fixed-time AI programs without the need for estrus detection may be possible using a second injection of GnRH in a GnRH-PGF 2a -GnRH protocol to ovulate the selected follicle at a precise time. We describe a physiological model to explain how the precision of estrus is improved following PGF 2a -induced luteolysis, via the effect of pretreatment with GnRH on follicular development and luteal functions in cattle. Application of this model to the development of reliable methods of fixed-time insemination is also explored.
Introduction
Several methods of estrus synchronization using progestogens, PGF 2a , and the combination of progestogens and PGF 2a have been investigated (Patterson et al., 1989; Odde, 1990; Twagiramungu et al., 1992a) . Although estrus is synchronized, application of these methods is often compromised because they are too time-consuming and the precision of estrus and(or) fertility rate do not meet producers' expectations.
Enhanced precision of estrus depends on controlling the corpus luteum ( CL) and follicular development (Fogwell et al., 1986) . This concept was confirmed by observations indicating that in response to PGF 2a -induced luteolysis, synchrony of the LH surge depends on the homogeneity of the population of large follicles among animals at the time of treatment (Sirois and Fortune, 1990) . Earlier studies indicate that treatment with a GnRH agonist alters ovarian follicular development and luteal function (Macmillan et al., 1985a,b; Thatcher et al., 1989) . Based on our recent series of experiments, the objectives of this review are 1 ) to propose a physiological model that describes the effect of a GnRH agonist on the synchronization of ovarian follicular waves to improve the precision of estrus after PGF 2a -induced luteolysis and 2 ) to evaluate the potential use of GnRH for developing reliable methods for fixed-time AI.
Université Laval that led to our proposed model (Figure 1; Twagiramungu, 1994) . This model shows follicular and luteal responses to treatment with 8 mg of buserelin ( 2 mL of Receptal, a GnRH agonist, Hoechst Canada, Regina, SK) given 6 d before induction of luteolysis with 500 mg of cloprostenol (PGF, a PGF 2a agonist, 2 mL of Estrumate ® , Coopers Agropharm, Willowdale, ON). Compared with standard methods using luteolytic agents only (PGF 2a or PGF 2a agonist), this synchronization protocol resulted in a marked improvement of the precision of estrus without any detrimental effect on fertility rate.
Because specific receptors for GnRH are not detected in the bovine ovary (Brown and Reeves, 1983; Ireland et al., 1990) , it is well accepted that GnRH and its agonists/analogues act on ovarian follicular development and CL function indirectly via the induced release of pituitary LH and FSH (Conn and Crowley, 1990) . Administration of GnRH increases LH and FSH in the peripheral circulation within 2 to 4 h (Chenault et al., 1990; Rettmer et al., 1992; Stevenson et al., 1993) . These gonadotropins act directly by binding to their respective receptors on follicular and luteal cells.
Inhibition of Estrus and Induced Ovulation of Large Follicles
Estrus is associated with the presence of a large ( ≥ 9 mm) and healthy follicle selected during proestrus and undergoing terminal maturation . During that period, concentrations of progesterone ( P 4 ) decrease (< 1 ng/mL) and the large follicle produces 17b-estradiol ( E 2 ) that is involved in triggering estrus via its positive feedback on the hypothalamus-hypophysis center (Ireland, 1987; Fortune et al., 1988) . This stimulates the release of GnRH-induced LH pulses and the LH surge, which is ultimately responsible for ovulation of the large follicle (Clarke, 1987; Nett, 1987) .
Administration of 8 mg of buserelin to cows reduces the occurrence of spontaneous estrus within a 6-to 7-d period after treatment (Figure 2 ; Thatcher et al., 1989; Twagiramungu et al., 1992b,c) . Similarly, occurrence of estrus within 6 d after treatment is lower in cows given i.m. 100 mg of Cystorelin ® (gonadorelin diacetate tetrahydrate; Sanofi Animal Health, Victoriaville, QC) than in controls (6/231 vs 33/157, P < .001; Zeroual, 1994) . Ultrasonographic and histologic techniques indicate clearly that such delay in occurrence of estrus following treatment with a GnRH agonist is due to functional alterations of the large follicle present at the time of treatment (Twagiramungu et al., 1994a,b) . Based on our recent experiments, we have clear evidence that, in response to GnRH treatment, the large follicle either ovulates or continues its regression by atresia depending on its stage of development.
Treatment with a GnRH agonist induces ovulation and subsequent formation of a new CL in beef cows early during the luteal phase ( d 7 ) as well as in all cyclic beef cows without a functional CL ( P 4 , < 1 ng/ mL) at the time of treatment (Twagiramungu et al., 1994a,b) . Similar results were reported when buserelin was given 2 d after insertion of a norgestomet implant and concurrent PGF 2a treatment in nonlactating dairy cows on d 7 of the estrous cycle (Schmitt et al., 1994b) . The GnRH-induced LH release is responsible for ovulating the large healthy and functionally dominant (Guilbault et al., 1993) follicle in its growing phase of development. Ovulation and formation of a new CL after treatment with hCG on d 4 to 7 and d 14 to 16 of the estrous cycle have been reported (Price and Webb, 1989; Rajamahendran and Sianangama, 1992; Fricke et al., 1993; Schmitt et al., 1993) . Furthermore, the disappearance (i.e., the decreased number) of large follicles after GnRH treatment was reported by several authors (Thatcher et al., 1989; Guilbault et al., 1990; Macmillan and Thatcher, 1991) . Concentrations of E 2 increase during the growing phase of the development of a large follicle during the early luteal (Guilbault et al., 1993) and follicular phases . The GnRH-induced ovulation of the large follicle is associated with a decrease in E 2 concentrations in the peripheral circulation (Twagiramungu et al., 1994b) similar to that detected after the destruction of large follicles (Hughes et al., 1987) . Because GnRH treatment causes ovulation of large growing follicles, occurrence of spontaneous estrus is inhibited.
However, ovulation does not occur in all cases after GnRH treatment because the ability of a follicle to ovulate depends on its developmental stage at the time of treatment. Silcox et al. (1993) reported that GnRH treatment alters the diameter of the large dominant follicle during its growing or plateau phase, but not during its regressing phase. In addition, LH receptors decrease as the dominant follicle develops from growth into the plateau and regression phases (Rollosson et al., 1994 ) and as atresia is clearly being manifested (Guilbault et al., 1993) . This explains why ovulation occurs in most, but not all, cows treated with a GnRH agonist (Macmillan and Thatcher, 1991; Pursley et al., 1994b) . When P 4 concentrations are increased in the peripheral circulation (i.e., during the mid-and late luteal phases) ovulation does not occur, but the large follicle present at the time of GnRH treatment regresses because atresia is already underway (Twagiramungu et al., 1994a) . Increased concentrations of P 4 are associated with atresia of large follicles (Ginther et al., 1989a,b; Stock and Fortune, 1993) , most likely by decreasing LH pulse frequency (Roberson et al., 1989 ) and the number of follicular LH receptors (Ireland and Roche, 1983) . Our results, and those of Prescott et al. (1992) , indicate that GnRH treatment does not change the fate of a large follicle already committed to atresia and consequently does not rescue a follicle from atresia. [PGF, 9] on d 6 causes complete luteolysis. Subsequently, E 2 concentrations and LH pulses increase, estrus and the LH preovulatory surge occur, and the selected dominant follicle becomes the ovulatory follicle [10] . This improves the synchronization rate and the precision of estrus between d 7 and 10 and results in normal fertility in GnRH-PGF-treated cows [11] . In a minority of cows, however, estrus does not occur because PGF-induced luteolysis is incomplete, and the selected dominant follicle becomes persistent [12] . Adapted from Twagiramungu (1994) . Effects of GnRH treatment on occurrence of estrus before and after PGF injection are indicated in the figure. Adapted from Twagiramungu (1990) .
Turnover and Atresia Within Follicular Classes
Treatment with a GnRH agonist affects large and medium-sized follicles. Regardless of ovarian status at the time of treatment, a new and synchronized wave of 5-to 10-mm follicles emerges within 2 d after GnRH treatment (Twagiramungu et al., 1994a) . This follicular recruitment and stimulation seems to be only a transient increase after GnRH treatment (Guilbault et al., 1990; Macmillan and Thatcher, 1991) . This was confirmed histologically as an increase in the number and in the turnover of medium-sized follicles from the pool of small follicles (Twagiramungu et al., 1994b) . The follicular stimulation is likely due to the shortterm effect of GnRH-induced release of FSH that occurs within 2 to 4 h after treatment (Chenault et al., 1990; Rettmer et al., 1992) and(or) to the effect of the delayed increase in FSH concentrations known to occur 1 to 2 d after removal/disappearance of the large dominant follicle (Ko et al., 1991; Adams et al., 1992) that contains FSH inhibiting factors such as inhibin (Beard et al., 1990; Guilbault et al., 1993) . Administration of FSH induces the stimulation of mediumsized follicles (Grasso et al., 1989) , and the emergence of the first follicular wave of the estrous cycle is initiated by the postovulatory surge of FSH (Turzillo and Fortune, 1990) . Similar to what has been reported after the destruction of large follicles (Hughes et al., 1987; Ko et al., 1991) , removal of the large follicle by ovulation or atresia in GnRH-treated cows subsequently stimulates the growth of mediumsized follicles.
This stimulation of growth of medium-sized follicles in GnRH-treated cows is associated with an increase in the level of atresia that limits further growth to a larger size class (Twagiramungu et al., 1994b) . This is illustrated in Figure 3a , in which the proportion of There was a day × treatment interaction (P < .03, SEM = .7) for nonatretic follicles and an effect of treatment (P < .07, SEM = 1.4) for atretic follicles. Adapted from Twagiramungu et al. (1994b) . atretic follicles 3.68 to 8.56 mm is increased 3 and 6 d after GnRH treatment, whereas that of healthy (i.e., nonatretic) follicles of that same class is decreased on d 6 (Figure 3b ). The subsequent increase in the proportion of atretic medium-sized follicles after GnRH-induced follicular growth is probably due to the lack of gonadotropin support. The increase in FSH concentrations occurs over a short period of time after GnRH treatment (Chenault et al., 1990) or after removal of the dominant follicles (Ko et al., 1991; Adams et al., 1992) . Lack of gonadotropin support, which was obtained experimentally by withdrawing FSH support 1 to 3 d before ovary collection, increased the incidence of follicular atresia in FSH-treated ewes (Jablonka -Shariff et al., 1994) . Also, the possibility that early luteinization-atresia of some of the class 2 larger follicles (i.e., approaching 8.56 mm) occurs in response to GnRH-induced LH release cannot be ruled out.
Results also indicate that the increased level of atresia in medium-sized follicles detected 6 d after GnRH treatment (i.e., at the time of PGF injection) is part of the ongoing selection process of the dominant follicle that occurs as a result of insufficient FSH support. Indeed, subtle decreases in FSH concentrations are implicated in the process of selection of the dominant follicle by preventing the development of medium-sized, more FSH-dependent follicles (Sirois and Fortune, 1990) .
Synchronized Selection of a New Large Follicle and Increased Precision of Estrus
One of the main features of our studies is that treatment with a GnRH agonist resulted, within 3 to 4 d, in the synchronization of the emergence of a new follicular wave and the selection of a large follicle that becomes the preovulatory follicle after PGF-induced luteolysis. This occurs regardless of the luteal status at the time of GnRH treatment and regardless of whether ovulation is induced following the GnRH treatment (Twagiramungu et al., 1994a) . That such synchronized selection of the preovulatory follicle from the pool of medium-sized follicles occurs in response to a GnRH agonist leads to a greater homogeneity of ovarian follicular inventories among cows at the time of induction of luteolysis. Consequently, the precision of estrus after PGF-induced luteolysis (Twagiramungu et al., 1992b,c) and synchrony of the LH surge among animals Fortune, 1988, 1990) are improved significantly. In fact, pretreatment with GnRH agonist 6 to 7 d before PGF-induced luteolysis resulted in the synchronization of 70 to 83% of the cows to within a 4-d period (Thatcher et al., 1989; Coleman et al., 1991; Twagiramungu et al., 1992b,c) and in a better synchronization of the proestrus peak of E 2 (Wolfenson et al., 1994) .
Our data also indicate that the fate of the selected follicle following the GnRH-PGF treatment (ovulatory vs persistent; Figure 4 ) depends on the degree of induced luteolysis. When PGF-induced luteolysis is complete ( P 4 < 1.0 ng/mL), as is the case for the majority of the animal population, estrus and subsequent ovulation of the selected dominant follicle occur, and E 2 concentrations decrease thereafter (Twagiramungu et al., 1994a) . In contrast, when PGFinduced luteolysis is incomplete ( P 4 > 2.0 ng/mL; i.e., 10 to 20% of cows), estrus does not occur, increased E 2 concentrations are maintained, and the dominant follicle becomes persistent (i.e., nonovulatory). Subluteal concentrations of P 4 for prolonged periods of time are associated with increased frequency of LH pulses, inhibition of induction of the LH ovulatory surge, and the development of a persistent dominant follicle (Roberson et al., 1989; Savio et al., 1993; Stock and Fortune, 1993; Sanchez et al., 1995) . Thus, the lack of synchrony in the minority of animals is not due to improper follicular development, but rather to incomplete luteolysis.
During a normal estrous cycle of untreated cows, a greater degree of follicular growth and atresia on the ovary bearing ( CLO) than on the ovary not bearing ( NCLO) the CL has been reported (Pierson and Ginther, 1987; Driancourt et al., 1991; Badinga et al., 1992) . We found that the degree of follicular growth and atresia within 6 d after GnRH treatment is similar in both ovaries (Twagiramungu et al., 1995b) . This indicates that the follicular responses to a GnRH treatment occur preferentially on the NCLO indicating that the already more active CLO may no longer be stimulated by GnRH treatment.
Effects of a Gonadotropin-Releasing Hormone Agonist on Fertility Rate
Of interest is the fact that improvement of the precision of estrus associated with the selection of a new dominant follicle after GnRH treatment is achieved without any detrimental effect on fertility. The fertility rate of cows synchronized to a 4-d period after treatment with a GnRH agonist and PGF 2a varies between 65 and 85% and is similar to that of controls (Coleman et al., 1991; Twagiramungu et al., 1992b,c) . Ultrasonographic evaluation of the newly selected follicle indicates that its diameter averaged 8.7 mm when detected distinctly 3 d after buserelin treatment (Twagiramungu et al., 1994a) . Savio et al. (1991) reported that the mean diameter of the largest follicle was 8.7 mm on d 3.5 after buserelin treatment in six of six nonlactating Holstein cows. On the basis of a daily mean growth rate of 1.4 to 1.6 mm for a developing follicle (Savio et al., 1988; Sirois and Fortune, 1988) , it can be estimated that the diameter of this selected follicle was approximately 3.9 to 4.5 mm on the day of GnRH treatment. Because such a small follicle has not yet acquired LH receptors (Spicer and Echterkamp, 1986) , GnRHinduced LH probably did not compromise follicular development and its capacity to yield a competent oocyte. In contrast, GnRH-induced FSH release might have stimulated growth of the selected follicle and that of other follicles of the new wave. Results of our experiments provide evidence that a new ovulatory follicle is recruited and fertility is normal after GnRH treatment. Such recruitment of a new ovulatory follicle is essential because ovulation of a persistent follicle is associated with decreased fertility (Sanchez et al., 1993; Savio et al., 1993; Wehrman et al., 1993; Schmitt et al., 1994b) . Fertility is improved in cattle synchronized with melengestrol acetate when exogenous P 4 is given to regress the persistent dominant follicle and to stimulate the emergence of a new ovulatory follicle (Anderson and Day, 1994) .
Functional and Morphological Changes of the Corpus Luteum
Effects of treatment with a GnRH agonist were detected on follicular dynamics and the function and morphology of the CL, as indicated by P 4 production and changes in the proportion of steroidogenic luteal cells (large luteal cells ( LLC) and small luteal cells ( SLC) ; Twagiramungu et al., 1995a) . Reports on the ability of GnRH or a GnRH agonist to increase P 4 concentrations are contradictory . Concentrations of P 4 in peripheral circulation are not changed within a 6-d period after treatment with buserelin (Guilbault et al., 1990; Macmillan and Thatcher, 1991; Prescott et al., 1992; Rettmer et al., 1992; Twagiramungu et al., 1995a) . In contrast, increased (Macmillan et al., 1985a,b; Stevenson et al., 1993) or decreased (Ford and Stormshak, 1978; Rodger and Stormshak, 1986 ) P 4 concentrations are reported following treatment with a GnRH agonist. Therefore, variability in GnRH responses as measured by plasma P 4 may be related to time of injections during the estrous cycle, induction of accessory CL, or type of GnRH treatment. This should be investigated in future studies.
Our studies reveal that, although P 4 profiles are not influenced, morphological transformations of the CL present at the time of treatment are induced within a 6-d period after treatment with a GnRH agonist. Treatment with buserelin increases the number of LLC and the volume of the CL present at the time of treatment (Twagiramungu et al., 1995a) . Likewise, Mee et al. (1993) reported an increase of the number of LLC in 10-d-old CL when Cystorelin was administered at estrus. Treatment of ewes with LH or hCG increases the number of LLC and decreases that of SLC (Niswender et al., 1985; Farin et al., 1988) . It is likely that the increase in the number of LLC in buserelin-treated cows may be the result of the buserelin-induced LH. Because PGF 2a receptors are located mainly on LLC in cows (Chegini et al., 1991) and ewes (Fitz et al., 1982; Niswender et al., 1985; Balapure et al., 1989) , the increased number of LLC indicates that the buserelin-treated CL may have a greater chance of completing luteolysis. The reduced concentration of P 4 detected within 24 h after PGFinduced luteolysis (Twagiramungu et al., 1992b (Twagiramungu et al., , 1994a indicates that the CL present at the time of GnRH treatment and the newly induced CL respond to exogenous PGF 2a . Therefore, it seems that GnRHinduced CL are similar to normal and functional CL with regard to luteolysis induction. Similar in vitro P 4 production by hCG-induced CL and natural CL at the same stage of development has been reported (Fricke et al., 1993) .
Resumption of Cyclic Activity During the Anestrous Period
Treatment with buserelin induces the resumption of cyclic ovarian activity in postpartum anestrous cows, Figure 4 . Diameter of the selected follicle and progesterone (P 4 ) concentrations following treatment with buserelin (GnRH; d 0) in postpartum cyclic cows that had an ovulatory (i.e., complete luteolysis; n = 14) or persistent (i.e., incomplete luteolysis; n = 4) follicle after PGF 2a (PGF)-induced luteolysis (d 6). From d 3 to 8, the profile of growth of the individual dominant follicle did not differ between groups of cows. Taken from Twagiramungu et al. (1994a) with permission.
as determined by increased P 4 concentrations, and fertility rate after buserelin-PGF-induced estrus is comparable to that of cyclic cows (Twagiramungu et al., 1992b,c) . Early postpartum cows display follicular wave-like patterns (Savio et al., 1990) , and follicles ≥ 9 mm are present on the ovaries (Spicer and Echternkamp, 1986) . The GnRH induces the release of LH in early postpartum dairy (i.e., d 10; Fernandes et al., 1978; Kesler et al., 1978) and beef (i.e., d 16; Irvin et al., 1981) cattle and causes ovulation of at least one of the large follicles (Zaied et al., 1980; Lofstedt et al., 1981; Crowe et al., 1993 ). This ovulation is followed by a detectable decrease in E 2 concentrations and the subsequent formation of a new CL, which precedes an increase in P 4 concentrations (Twagiramungu et al., 1995a) .
Low fertility at first estrus postpartum, associated with the formation of an abnormal CL, is restored via the effect of short-term exposure to a P 4 implant on follicular maturation (Garcia-Winder et al., 1986 . Similarly, the GnRH-induced increase in P 4 concentrations in acyclic cows may have a positive effect on maturation of large follicles. By administering PGF 6 d after GnRH treatment to reduce P 4 concentrations within 24 h, normal estrus is detected, and fertility is normal in acyclic cows (Twagiramungu et al., 1992b) . This GnRH-PGF method could therefore be used to synchronize estrus and expect normal fertility in cyclic and acyclic cows. However, conclusions on fertility in acyclic cows need to be interpreted cautiously, because the number of acyclic cows used in our studies is somewhat small.
Fixed-Time Insemination Programs
The synchronization of follicular waves and selection of a new large dominant follicle after GnRH treatment occur at any stage of the estrous cycle and can be used as a tool to further develop estrus synchronization programs for fixed-time AI. The proportion of GnRH-pretreated cows detected in estrus between 24 and 72 h after PGF-induced luteolysis ranges from 56 to 76% (Twagiramungu et al., 1992b,c) . Because this result has great potential for application in cattle reproductive management, we used it to develop new strategies for fixed-time AI to eliminate the need for estrus detection within estrus synchronization programs. In a preliminary experiment, the pregnancy rate for heifers and postpartum cows treated with Cystorelin and PGF 6 d apart and inseminated twice at 48 and 60 h after PGF injection (fixed time; without the need for estrus detection) was less than that for animals inseminated 12 h after the onset of estrus (33/86 vs 98/182, P < .05; Zeroual, 1994) . In the group of animals inseminated at a fixed time, timing of AI was not appropriate, even though precision of estrus was high.
To circumvent this problem, we conducted another experiment in which a second injection of GnRH was given at the time of fixed AI (i.e., 54 h after PGF injection) to synchronize the LH surge and ovulation of the selected follicle (Twagiramungu et al., 1995c) . This approach was possible because we know that a potentially large healthy and dominant follicle is selected after GnRH treatment (but before PGFinduced luteolysis) and becomes the ovulatory follicle following complete luteolysis. Using this GnRH-PGF 2a -GnRH method in dairy cattle, ovulation of the selected follicle occurs between 24 and 32 h after the second treatment of GnRH given 24 and 48 h (for heifers and cows, respectively) after the PGF injection (Pursley et al., 1994b) . Results obtained with a relatively small number of animals indicate that the overall pregnancy (33/69 vs 47/79; P > .16) and calving (30/69 vs 39/79; P > .50) rates are similar in beef animals inseminated at fixed time (i.e., 54 h after PGF injection and simultaneously with the second injection of GnRH) without estrus detection and in those inseminated 12 h after onset of detected estrus (Twagiramungu et al., 1995c) . Fertility following this GnRH-PGF 2a -GnRH treatment and fixed-time AI was also assessed in two other studies. Conception rates in lactating cows are similar to those of controls (Pursley et al., 1994a) , whereas Schmitt et al. (1994a) reported a reduction in pregnancy rates in heifers. Therefore, the use of this GnRH-PGF-GnRH protocol may eliminate the need for estrus detection before and after PGF-induced luteolysis, but more work needs to be done to clearly evaluate its effect on fertility. Because these studies also indicate that physiological status (heifers vs cows) and season of the year (spring vs fall) in a temperate environment influence reproductive performance, the determination of the precise timing of AI relative to the GnRH injection (and the nature of GnRH-induced LH and FSH releases) warrants further investigation.
In conclusion, our proposed model indicates that treatment with a GnRH agonist alters ovarian follicular dynamics and luteal function and synchronizes, within 3 to 4 d, the emergence of a large dominant follicle at any stage of the estrous cycle. This improves the precision of estrus after PGF 2a -induced luteolysis without reducing the fertility of cyclic and acyclic cows. In addition, this allows for the development of fixed-time AI programs, based on the use of the GnRH-PGF 2a -GnRH method to control selection of a new dominant follicle and its time of ovulation.
Implications
Synchronization of follicular wave emergence and of ovulation with gonadotropin-releasing hormone should increase the rate of artificial insemination usage, which is now minimal in the beef industry ( 5 to 10%). This is possible because of the limited number of interventions needed, the precision of estrus, and the high fertility rates obtained. On dairy farms, where the rate of artificial insemination usage is greater than 80%, this method allows for the elimination of estrus detection and for the development of fixed time artificial insemination programs. In dairy and beef embryo transfer industries, this method should offer more flexibility in the usage of recipient cows and high-quality donors.
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